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Centrifugal cast HP40Nb alloys are commonly used as 
ethylene pyrolysis and reformer furnace tube materials. The 
actual wall temperature can usually reach 1423 K. The 
technical specifications require that the rupture life shall be at 
least 120 h under test condition of 1373 K at 17 MPa. The 
effects of amounts of Lead on the creep and stress rupture 
performance of the centrifugal cast HP40Nb alloy have been 
investigated at the temperature of 1373 K and the constant 
stress of 17 MPa. In this paper, HP40Nb alloy tubes with 
different contents of Lead element by centrifugal casting were 
selected, by high temperature stress rupture test and 
microscopic observation of creep damage, relationship 
between the content of Lead and high temperature stress 
rupture lives was given, as well as the threshold value of Lead 
element. It could provide the basis for ethylene pyrolysis 
furnace tubes manufacturers and design specifications. 
INTRODUCTION 
The trend in refinery and/or chemical plant becomes 
larger scale and operating at higher parameters, therefore 
higher creep resistance properties at elevated temperature 
have been required for heating furnace tubes. The HP40Nb 
alloy tubes made by centrifugal casting are widely used in the 
material of ethylene pyrolysis furnace and reformer furnace 
tubes. As the wall temperature can usually reach 1423 K, in 
the process of long-term use, it was prone to creep fracture 
(1,5). Stress rupture test at high temperature is obligatory 
acceptance of these tubes performance. The international 
general specification is that: stress rupture life should be at 
least 120 h under test condition of 1373 K at 17 MPa. 
The main factors that affect stress rupture life include 
chemical composition, trace elements and microstructure. 
Here, chemical composition and grain morphology have 
strictly controlled by manufacturers. Medium frequency 
smelting furnace was used in the manufacturing process of 
tubes. Because impurity removal capability of this kind of 
furnace is weak, the requirement of purity is relatively higher 
for the raw material. However, the manufacturers pay mostly 
attention to the price of raw materials, such as Ni-plate or 
Cr-steels, but not consider the influence of trace element, such 
as Lead, Bismuth, Tin, Tellurim, on the rupture life. Although 
in some of specifications of tubes, the request of trace 
elements content should be less than 100 ppm. It is 
unambiguous what is the threshold value of each trace 
element, which can both satisfy the technical specification and 
also economical aspects. There was lack of adequate 
experimental data on the threshold value of each trace 
element. 
Service ageing leads to embrittlement and early 
occurrence of creep damage resulting from overheating that is 
very often observed in the early failures of process furnace 
heater tubes (5, 6). The phenomenon called grain boundary 
sliding is of great technological importance because it often 
limits either the life or service conditions of structural 
components. Under creep conditions, many other ductile 
metals become brittle as the temperature is increasing. The 
embrittlement becomes more ductile at around half the 
melting point and above (7, 8 and 9). Associated with this 
embrittlement is a change at about 0.5 Tm we observe W-type 
to Q-type transition. The transition from transgranular to 
intergranular called power-law break down that happens at 
above 0.5 Tm. (10). Greenwood showed that intergranular 
fracture usually preceded by the nucleation and growth of 
grain boundary cavities which linked up to form cracks and 
cause early failure (10). Since then, trace element effects on 
high-temperature fracture of Fe-base and Ni-base alloys had 
been carried out extensively, especially, for wrought and cast 
MAR-M002 alloy, IN100 alloy, Nimonic105 alloy, IN939 
alloy etc (11-15).  
In the previous researches, trace elements with certain 
weight parts per million precisely were added into the alloys 
deliberately in laboratory, to investigate the effect of given 
element on the creep fracture behavior. However, for 
centrifugal cast Fe-Cr-Ni-base alloy commonly used as 
reformer furnace tubes, there is a lack of suitable data on 
which specification of impurity levels can be based. While in 
the present paper the results obtained in an investigation of the 
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effect of certain harmful trace elements on the creep and stress 
rupture performance of the centrifugal cast Fe-Cr-Ni-base 
alloy commonly used as furnace tube materials for hydrogen 
generation and/or ethylene pyrolysis in Chinese chemical and 
refinery plants. This paper describes the results of an 
investigation of the effect of trace elements on the creep and 
stress rupture performance of HP40Nb at elevated 
temperatures. The deleterious effect of certain low melting 
point elements on the creep performance of Ni-Cr-base alloys 
is well known, and in some cases sufficient information is 
available to enable the maximum allowable concentrations of 
these elements to be specified. And an adequate knowledge of 
the effects of trace elements is clearly important for this 
application. 
EXPERIMENTAL MATERIAL AND METHOD 
Material 
Nine kinds of centrifugal casting furnace tubes were 
selected, with typical chemical composition of C: 0.37-0.45 
wt.%, Cr: 24~27 wt.%, Ni: 30~37 wt.%, Nb: 0.9~1.26 wt.%, 
tubes were smelted by intermediate frequency furnaces, and 
were centrifugally cast to pipe shape. 
Chemical composition 
Chemical compositions of the tube samples were 
analyzed through standard analytical method of optical 
emission spectrophotometry (SPECTRO MAXx). The 
concentrations of Lead were analyzed by Z-2000 atomic 
absorption spectrophotometry. Chemical compositions of tube 
samples are listed in Table 1. It showed that the concentrations 
of lead were ranged from 13.1 ppm to 40.1 ppm. 
 




C Si Mn P S Cr Ni Nb Fe Pb 
1 0.443 1.70 0.97 0.017 0.013 26.48 36.01 0.94 Bal 13.1 
2 0.396 1.84 0.97 0.016 0.013 26.80 35.77 1.10 Bal 14.5 
3 0.418 1.60 0.94 0.016 0.013 26.47 36.09 0.91 Bal 18.0 
4 0.461 1.71 0.55 0.021 0.012 26.19 33.92 0.96 Bal 22.5 
5 0.433 1.94 0.86 0.021 0.012 24.50 36.08 0.94 Bal 24.9 
6 0.489 1.98 1.47 0.0093 0.0068 26.28 37.81 0.96 Bal 27.9 
7 0.371 1.89 1.20 0.022 0.0097 25.89 36.54 1.26 Bal 31.5 
8 0.420 1.79 1.05 0.022 0.010 25.91 37.18 1.20 Bal 34.2 
9 0.416 1.83 1.09 0.022 0.011 25.13 36.77 1.15 Bal 40.1 
Tensile test 
The tensile tests were carried out on a computer 
controlling servo-hydraulic material testing machine (model 
SHT4505).The stress rate is 10 MPa/s until the displacement 
to 5 mm, then the displacement is controlled to 10 mm/min 
until rupture. 
Rupture test 
Rupture tests were carried out in air at 1373 K by RDJ-30 
high temperature stress rupture tester and constant load of 
17MPa with temperature control to ±5 K. The specimens 
used had a 30 mm gauge length and a cyclical cross section 
with diameter of　 5 mm. 
Metallography 
Specimens for metallography were cut from the middle of 
rupture test samples length and prepared by grinding and 
polishing in the standard way and subsequently etched in the 
oxalic acid water solution electrolysis to reveal the 
microstructure, with voltage of 2~4 V, time of 5~15 s. A 
XJG-05 light optical microscope (LOM) and ZEISS Supra40 
Field Emission Scanning Electron Microscopy (FE-SEM) 
were used to observe cross section of the fractured test pieces. 
EXPERIMENTAL RESULTS 
Tensile test 
According to technical specifications, the minimum 
tensile properties at room temperature are yield strength of 
240 MPa, tensile strength of 450 MPa, and the percentage at 
elongation of 8.0 % for HP40Nb alloys. Table 2 showed the 
tensile test results of HP40Nb alloys tested by computer 
controlling servo-hydraulic material testing machine (model 
SHT4505). Fig. l gave the tensile test results of HP40Nb 
alloys as a function of concentration of Lead. It showed that 
yield strength ranging form 250 MPa to 330 MPa, tensile 
strength ranged from 535 MPa to 600 MPa [Fig. 1(a)], the 
percentage of elongation after fracture ranging from 11.0 % to 
18.5 % [Fig. 1(b)], with the concentration of Lead increased 
form 13.1 ppm to 40.1 ppm. It can be concluded that all the 
tensile properties of HP40Nb alloys were satisfied with the 
technical specifications. It indicated that the yield strength, 
tensile strength and percentage of elongation after fracture had 
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Table 2. The tensile test results of HP40Nb alloys 
Sample No. Pb(ppm) Rp0.2 (MPa) Rm (MPa) A5.65 (%) Sample No. Pb(ppm) Rp0.2 (MPa) Rm(MPa) A5.65(%)
1 13.1 
260 535 15.5 
6 27.9 
275 540 12.0 
265 565 17.0 260 545 14.0 
2 14.5 
270 600 17.5 
7 31.5 
325 550 11.0 
275 595 17.0 330 555 12.5 
3 18.0 
260 540 15.5 
8 34.2 
250 550 15.5 
260 555 16.5 250 555 16.5 
4 22.5 
260 585 18.0 
9 40.1 
270 565 16.5 
255 575 16.5 270 580 16.5 
5 24.9 
250 565 18.5 
 
250 540 16.0 
 
 





























































Figure 1. The tensile test results of HP40Nb alloys as 






For high temperature stress rupture test, especially for 
cast alloys, the stress rupture life is dispersive, so three test 
pieces cut from the same tube were tested in most cases. As an 
exception, five test pieces were selected for No. 6# tube. Table 
3 gave the stress rupture life of HP40Nb alloys. It should be 
pointed that the minimum stress rupture life is 65.01 h, while 
the maximum life is 227.01 h, at the temperature of 1373 K 
and the stress of 17 MPa. In order to analysis the effects of 
trace element impurity on high temperature stress rupture life 
of furnace tubes, the stress rupture life of HP40Nb alloys as a 
function of concentration of Lead is plotted in Fig. 2. It shows 
that the high temperature rupture life’s dispersive behavior. 
The rule was discovered that with the increase of Lead 
content, the stress rupture life decreases sharply. In order to 
show correlation between the lead content and rupture life, the 
rupture life of several pieces of specimen cutting from the 
same furnace is averaged. Average values and fitting curve of 
the stress rupture life is plotted in the Fig. 3 to show this 
correlation. It was clear that Lead impurity had a serious 
effect in reducing life to rupture. For example, approximately 
25 ppm of Lead reduced the life to rupture approximately 
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Table 3. The stress rupture livfe of HP40Nb alloys as a function of concentration of Lead 



















































1373K, 17MPa Model PolynomiaAdj. R-Squar 0.57297
Value Standard Err
B Intercept 353.4756 51.46397
B B1 -13.5935 4.23749




Figure 2. The stress rupture life of HP40Nb alloys as 
a function of concentration of Lead 


























B Intercept 360.24271 60.15325
B B1 -14.21671 4.98869




Figure 3. The average stress rupture life of HP40Nb 
alloys as a function of concentration of Lead 
Metallography 
Examination of fractured testpieces of the HP40Nb alloys 
adopted with trace amounts of Lead by Optical Microscope 
(OM) and FE-SEM showed clear evidence of discrete cavities 
on the grain boundaries in the vicinity of the fracture, 
particularly those transverse to the direction of the applied 
stress. OM pictures are given in Fig. 4 and FE-SEM pictures 
in Fig. 5. Fig. 6 showed creep cracks displayed by FE-SEM in 
fractured HP40Nb alloy with Lead contents of 14.5 ppm, 31.5 
ppm, and 40.10 ppm, respectively, tested at 1373 K and 17 
MPa. It shows that with increasing of Lead content, an 
increased amount of intergranular damage can be discovered. 
It indicated that the presence of impurities had a significant 
effect on the characteristics of the grain boundary cavitations 
and cracks.  
  
a)
direction of stress 
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Figure 4. Creep cavitations displayed by OM in 
fractured testpieces of HP40Nb alloy, tested at 
1100℃ and 17MPa 
a) 7#, Pb=31.5 ppm, t=65.01, 250×; b) 9#, Pb=40.1 
ppm, t=112.05, 250× 
  
 
Figure 5. Creep cavitations displayed by FE-SEM in 
fractured testpieces of HP40Nb alloy, tested at 
1100℃ and 17 MPa 
a) 7#, Pb=31.5 ppm, t=65.01 h 500×; b) 9#, Pb=40.1 




Figure 6. Creep cracks displayed by FE-SEM in 
fractured HP40Nb alloy, tested at 1100℃ and 17MPa 
a) 2#, Pb=14.5 ppm, t=226.82 h, 49×; b) 7#, Pb=31.5 
ppm, t=65.01 h, 90×; c) 9#, Pb=40.1 ppm, t=114.65 h, 
75× 
DISCUSSIONS 
The effect of trace amount of Lead element on high 
temperature rupture performance is shown in Fig. 2 and Fig. 3 
which is compared with that already detected in other high 
strength cast Ni-Cr-base alloys (11,12 and15). The presence of 
trace amount of impurities reduced the creep resistance of 
high temperature resistant alloy. In the previous work, on 
wrought an cast Ni-Cr-base alloys, it has been proposed that 
the presence of trace elements caused early failure as a result 
of the reduction in surface energy, which enabled smaller 







direction of stress 
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stress at elevated temperatures, linking up to cause 
microcracks which lead to fracture eventually.  
The results showed that with additions of Lead ranging 
from 13.1 ppm to 40.1 ppm in HP40Nb alloys, the stress 
rupture life decreases from 227.01 h to 65.01 h. It has been 
indicated that the impurity of Lead had harmful effects on 
elevated-temperature mechanical properties. The presence of 
trace Lead caused an increase in the amounts of grain 
boundary cavities which resulted in faster failure, which is 
consistent with those results obtained from cast Ni-Cr-base 
alloy used for blades and nozzle guide vanes in land-based gas 
turbines. However, this behavior had not been observed in 
previous work on centrifugal cast HP40Nb alloys. And also, it 
was suggested that the maximum of Lead element content in 
the centrifugal cast HP40Nb alloy should be limited less than 
20 ppm. 
It should be pointed that the average stress rupture life of 
No. 7 furnace tube with Lead content of 31.5 ppm was the 
lowest in this work, even lower than those of No. 8 and No. 9 
furnace tubes with Lead content of 34.2 ppm and 40.1 ppm, 
respectively. It is understood that factors such as grain size, 
grain morphology and the content of main alloy element affect 
the rupture life at an elevated temperature. Comparing with 
the chemical composition of ethylene pyrolysis furnace tubes 
in table 1, it should be noted that the carbon content of No. 7 
furnace tube was 0.371 wt.%, which was much lower than 
others. The higher amount of carbides formed in the as cast 
furnace tube was favor to obtain longer rupture life at elevated 
temperatures. Moreover, the grain morphology in No. 7 
furnace tube shown in Fig. 6 (b) was with columnar being 
parallel to radial direction, which went against achieving 
longer rupture life according to after researches in our 
laboratory. In previous studies, the role of P element mainly 
performed that P element compete with S  in grain 
boundaries to segregate the effective position in low alloy 
steels, P segregation at grain boundaries reduced S 
segregations, thus improving the creep ductility of material. 
Though the chemical compositions of P element in No. 1-3 
furnace tube were 0.016~0.017 wt.%, those in No. 4-5 and 
No. 7-9 furnace tube were 0.021~0.022 wt.%, it was 
considered that the chemical composition of P element had 
little effect on the decrease of stress rupture lives of furnace 
tubes.  
The limit for Lead element impurity set in Aerospace 
Mater. Specif. AMS 2280A-2000 “Trace Element Control 
Nickel Alloy Castings” is less than 5 ppm (16). We doubt if 
the limit is suitable for refinery and/or chemical plants which 
is quite critical. According to the data obtained here, it 
indicated that according to the technical specifications, it can 
be concluded that it was easy to got high temperature stress 
rupture life when the content of Lead element was less than 20 
ppm. So for combination of high temperature stress rupture 
life and economical consideration, the tolerance of Lead 
element in HP40Nb furnace tubes should be set as less than 20 
ppm. 
The evidence suggests that segregation of impurities to 
the grain boundaries is a significant step in the failure process 
but further work is required to establish the influence of the 
impurity elements in the initial stages of fracture. According 
to the predictions of a current model of cavity growth 
indicated that tests at lower stresses giving longer times to 
rupture (7, 12). 
CONCLUSIONS 
The effects of trace amounts of Lead on the creep and 
stress rupture performance of the centrifugal cast HP40Nb 
alloy were investigated at the temperature of 1373 K and a 
constant stress of 17 MPa. The relationship between Lead 
content and stress rupture life is developed by stress rupture 
test and creep damage observation.  
The stress rupture properties of HP40Nb are significantly 
reduced by the presence of weight parts per million amounts 
of the impurity Lead. The results shows that Lead ranging 
from 13.1 ppm to 40.1 ppm in HP40Nb alloys, the rupture life 
decreases from 227.01 h to 65.01 h. 
According to technical specifications requirement that 
requires the rupture life of minimum 120 h under test 
condition of 1373 K and constant stress of 17 MPa for 
HP40Nb alloy, it can be concluded that the content of Lead 
element should be kept less than 20 ppm.  
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